ABSTRACT: Salt marshes form true ecotones between land and sea fauna and flora that have adapted to an environment that is both aquatic and terrestrial in nature. Despite the extreme and sharp gradients that exist in salt marshes, they form the temporary or permanent home for many animals and plants and they fulfil many important roles in marine and estuarine ecosystems. While research on the terrestrial component of European marshes has helped in their management, knowledge of the aquatic component has largely been ignored in safeguarding the existence and ecological importance of tidal marshes. This situation is in sharp contrast with studies of coastal marshes along the eastern and southeastern coasts of North America. The typical European salt marsh differs in several physical aspects from the typical American salt marsh, but recent investigations have indicated parallels regarding nekton habitat usage. The present paper reviews the current state of European studies on the habitat role that tidal marshes play for fish and crustacean fauna. Mirrored against the more extensive American literature, we discuss where functional similarities and differences exist between both types of tidal marshes and where further knowledge is still needed for European marshes. Management of European tidal marshes would benefit from extending the current knowledge, and this paper identifies potential topics of interest.
INTRODUCTION
Since the late 1960s scientists have shown interest in the ecology of tidal marshes. Teal (1962) wrote one the first leading papers on the subject. His investigation dealt with fluxes of organic matter and inorganic nutrients between salt marshes and coastal environments. His ideas on the ecological functioning of tidal marshes became a standard with which all other studies were compared. Later, scientists started to study different aspects of tidal marsh functioning in estuarine and coastal ecosystems.
Salt marshes are defined as areas with alluvial sediments deposited on the shore by the sea and subjected to tidal or weather-effected inundation by more or less diluted seawater. The moisture conditions of the soil vary from continuously waterlogged to at least temporarily moist, and plant communities, consisting completely or predominantly of halophytes, occupy the soils (Beeftink 1977) . Salt marshes occur on intertidal shores in mid-and high-latitude regions worldwide (Kennish 2001) , since mangroves, which dominate the tropical zones, cannot survive temperatures below -4°C.
The role that tidal marshes play as habitats for fish has been studied intensively since the 1970s (e.g. Cain & Dean 1976) . The first studies dealt with American tidal marshes that stretch over vast areas of coastal and estuarine shallow areas along the Atlantic and Gulf coasts. It is now no longer questioned that the presence of tidal creeks and ponds is primordial in the survival of youngof-the-year fish and macrocrustaceans (Kneib 1997a) .
On the European continent humans have reclaimed large intertidal vegetated ecosystems since the early Middle Ages, and estuaries have changed completely due to anthropogenic influences. Some of these activities, like land reclamation or the construction of dikes (Davidson et al. 1991 , Mitsch et al. 1994 , destroyed vast areas of intertidal wetlands, others changed the functioning of the estuary. Habitat loss through physical removal, the deterioration of quality, or the prevention of use by faunal species pose serious threats along estuaries (Elliott et al. 2002) . These processes are still very much present along all European coasts, although conservation attempts have largely put a stop to the reclaiming of marshlands . While direct destruction of intertidal marshes is under very strong restrictions nowadays, physical alterations of estuaries still continue and result in loss of intertidal area. The main cause of wetland loss in the future will likely be a rise in the global sea level, threatening all low-lying areas. It is presently scientific consensus that the rise over the next 40 yr will reach 30 cm (Kerr 1989) . In the Rhone and Ebro deltas the sea level rise represents a huge challenge for the protection of coastal habitats (Day et al. 1995) .
In Europe, Labourg et al. (1985) , Frid (1988) and Frid & James (1989) initiated the study of aquatic marsh fauna. The later studies of Drake (1991a,b) , Costa et al. (1994) and Cattrijsse et al. (1994) were the first indepth studies on the subject. It was clear from the beginning that European marshes differed in some aspects from, but nevertheless functioned quite similar to their American counterparts.
After 20 yr of studies, we present a review here of the main findings of European marsh nekton research, supported by the broader and more numerous studies concerning US marshes. In the first section, we briefly describe the European salt marsh habitat and point at general differences (tidal regime, vegetation, fate of primary production and habitat structure) with North American marshes. The second section summarises the main nekton species present in northern and southern European marshes. In the third section, the known feeding habits of the main nektonic species are reviewed. The fourth and main section focuses on the functioning of European marshes, putting 7 questions forward and highlighting the topics that remain unanswered. These questions present different, sometimes conflicting views, thus indicating future topics in European marsh research. The last chapter discusses where marsh nekton research can feed into current tidal marsh management issues.
THE EUROPEAN SALT MARSH HABITAT
Genuine intertidal marshes transected by meandering creeks only exist along the coasts and in estuaries of the North Sea and the European Atlantic, including the Channel areas and the Irish Seas. In the microtidal Baltic and Mediterranean, shallow marine and brackish lagoons or ponds occur that resemble true salt marshes by nature of their halophyte vegetation. These biotopes may harbour aquatic fauna similar to those found in tidal-creek-structured marshes of the Atlantic and North Sea coasts, but will function differently in many aspects, due to irregular, non-tidal flooding. The term salt marsh generally refers to aquatic systems dominated by halophyte vegetation, but also includes freshwater tidal marshes. Freshwater plants typify oligohaline marshes, but otherwise they function similar to their marine counterparts, due to the same semi-diurnal inundation.
Tidal amplitude, local current patterns and hydrological conditions will determine the flooding frequency of intertidal areas and thus the tidal heights between which vegetation can occur (Beeftink 1977) . Extreme high water defines the upper terrestrial limit of salt marsh vegetation. The lower limit is generally defined by the MHWN (mean high water neap tide) on the European continent (Beeftink 1977) . This constitutes a major difference with the US Atlantic salt marshes (Cattrijsse et al. 1994) , where the lower limit is generally reached around the MTL (mean tide level) (Reimold 1977) . The vegetated surface of the US marsh will flood almost every high tide, while the European marsh surface is only inundated during the highest tides. Species migrating to European marshes primarily use the marsh creeks as nursery or foraging grounds. The functionality within a larger ecosystem and the use aquatic organisms can make of the habitat will therefore differ largely at both sides of the Atlantic.
The vegetation of both types of salt marshes also differs essentially (Adam 1990 ). The North American salt marshes are almost mono-specific stands of Spartina alterniflora. Subdominant species include Spartina patens, Juncus roemerianus and Distichlis spicata (Reimold 1977 (Beeftink 1977) .
Stem density is much lower in the American Spartina marshes, leaving plenty of space for small fish to wander around on the marsh surface during high tides. When the highest tides flood European marshes, the dense vegetation inhibits fish or nekton from venturing among the plant stems. After spring tides, small fish regularly get trapped amongst the stems when water retreats to channels or pools (authors' pers. obs.).
As American marshes are flooded more often, the bulk of the primary production will finally be washed into the water and be transported to the adjacent subtidal, to end up there as detritus where it forms the basis of the food chain. Only a very small amount is remineralised locally (Teal 1962 , Odum & Heald 1975 , Nixon 1980 . In European marshes export of organic material is largely absent (Wolff et al. 1979 , Beeftink & Rozema 1988 , Hemminga et al. 1992 . The dead marsh plants decay on the marsh surface and can only get washed into the water during the highest tides .
In European intertidal marshes even the largest creeks drain almost completely during the ebb period, in contrast to American marshes, where subtidal channels hold water at low tide. The shorter migration route and longer foraging period in American intertidally vegetated habitats will also contribute to differences in utilisation of marsh habitat by nekton.
These functional aspects of marsh ecosystems on both continents can, however, not be generalised and will depend on local circumstances like the latitude, tidal amplitude, plant communities and geomorphologic characteristics of each individual system (Dame & Gardner 1993 ).
Across European latitudes major coastal and estuarine marshes have been sampled in the UK, The Netherlands, Belgium, France, Spain and Portugal. European research on salt marsh nekton is, however, behind the extended investigations in the United States. Regardless of the fundamental differences between the marshes at both sides of the Atlantic, both types provide nursery areas and foraging grounds for fish and macrocrustaceans. Not all studies performed in US marshes will prove useful for the European case.
Apart from Europe and North America, a limited number of descriptive publications from Australia (Morton et al. 1987 , Davis 1988 and South Africa (Paterson & Whitfield 1996 are also available. A holistic view of intertidal marsh functioning requires studies from these regions too. Additional descriptive studies of European marsh fauna will still prove rewarding, in further substantiating marsh habitat importance and in determining the role of the physical environment and the present species assemblages. Only a better understanding of the functioning of European salt marshes as habitats for fish or macrocrustaceans may help to protect these rare and valuable habitats. Future studies will need to address these functionalities of the marsh intertidal. Labourg et al. (1985) were the first to report on faunal samples collected in the intertidal marshes of the Gironde estuary, SW France. Frid (1988) and Frid & James (1989) Kelley (1986) and Kelley & Reay (1988) had reported on the occurrence of sea bass Dicentrarchus labrax and other fish in shallow marsh creeks.
THE FISH AND CRUSTACEAN FAUNA OF EUROPEAN MARSHES
In a subtidal channel near Cadiz Bay, SW Spain, Drake & Arias (1991a) found 39 species in the ichthyoplankton. An identical number of species was found in a 4 yr study in an intertidal channel of the same ecosystem (Drake & Arias 1991b) . Regardless of the relatively low numbers, the shallow environment was acting as an alternative nursery area to estuarine habitats for these species, some commercially important. The marsh-bordered zone of the Mira Estuary, Portugal, on the other hand, was thought to be vital for estuarine fish populations (Costa et al. 1994) ; 49 species were found to frequent the shallow subtidal areas in front of the estuarine tidal marshes .
Much like American coastal marshes, European intertidal creeks are, during high tide, inhabited by a lower number of species than the adjacent subtidal waters. Only a limited number of species seem to take advantage of the habitat during flooding. Recently, Salgado et al. (2004a) found 14 fish species in intertidal marsh creeks of the Tagus estuary and 27 species on the mudflats in front of those creeks. In northern Europe, Cattrijsse et al. (1994) found a total of 68 species of fish and crustaceans in an oligohaline marsh of the Westerschelde estuary (SW Netherlands). A total of 20 fish species were caught with a very fine mesh size, but only 6 of these were common. Most of the species present in the estuary were never observed in the marsh (Hostens 2000) . Sampling both the small and large individuals of the fish community of the marshes of Mont Saint-Michel, northern France, Laffaille et al. (1998 Laffaille et al. ( , 2000a found a total of 31 species, 8 of which were common. Lefeuvre et al. (1999) mentioned that about one-third of the coastal fish community was found to invade marshes. Observations made in SE Portugal, however, contradict the assertion that fewer species use marshes. Vieira et al. (2002) found 33 fish species in the marsh creeks of Castro Marim, while 37 species were found in the Guadiana estuary.
Using some of the above-mentioned datasets and some unpublished records, Mathieson et al. (2000) compared the fish assemblages of 6 European marsh sites. Taking differences in sampling methodology into account they found that the taxonomic structure of northern and southern sites differed substantially. Analysing ecological guild structures revealed striking functional similarities between all sites, despite the major physical and taxonomical differences that exist among the sites. While some marshes were dominated by pelagic species, others were structured by benthic species. This division of the studied sites was also partly reflected in differences in dietary and vertical distribution guilds.
Depending (Mathieson et al. 2000) . The dominant goby species differ between marine and estuarine marshes: the sand goby Pomatoschistus minutus occurs in marine marshes (Frid 1988 , Frid & James 1989 , Laffaille et al. 2000a , while the common goby, an estuarine resident, is the most important fish species in brackish waters (Drake & Arias 1991a ,b, Cattrijsse et al. 1994 , Hampel et al. 2003a , Salgado et al. 2004b ).
Salgado and colleagues compared the fish assemblage of tidal marsh creeks and adjoining mudflats (Salgado et al. 2004a) . They found that only the common goby was a marsh-resident species. Seabass, anchovy and mullets occurred regularly and in high numbers in the creeks, while sand goby and sole remained on the mudflat.
On the occurrence of crustaceans in European marshes little information is available. Common crustacean species include crabs Carcinus maenas, shrimp Crangon crangon and Palaemonetes spp. and mysids Neomysis integer. Shore crabs C. maenas may wander on the marsh surface (Frid & James 1988) , while juvenile brown shrimp C. crangon can be found in high densities in tidal pools during low tide (Cattrijsse et al. 1997 ). Juveniles of both species regularly use intertidal creeks and pools as habitat (Cattrijsse et al. 1997) . Palaemonid shrimp have also been recorded from pools (Frid & James 1989 . Mysid shrimp occur only in creeks, but sometimes in vast numbers (Cattrijsse et al. 1994 , Hampel et al. 2003a .
Most European studies are restricted to marine or estuarine marshes. Freshwater marshes have become a very rare habitat in western Europe. The fish fauna of freshwater marshes has not yet been studied in detail. have sampled all along the tidal Schelde River, but found only a very limited number of fish. It is known that the low environmental quality of the river (i.e. critical oxygen concentrations) has low numbers of fish throughout its tidal freshwater reaches (Maes et al. 1997 ). The habitat function of European reed-and willow-dominated tidal marshes for fish has not been documented.
FEEDING OF FISH AND CRUSTACEANS IN EUROPEAN TIDAL MARSH CREEKS
Information on diets of feeding fish or crustaceans in European marshes is still largely absent, but the diets of some of the above-mentioned fish species have been examined in a number of studies. The available data show that all fish species foraging regularly in intertidal creeks prey upon similar infauna or invertebrate nekton species. Especially the amphipods Corophium volutator and Orchestia gammarellus, the annelid Nereis diversicolor and the mysid Neomysis integer feature abundantly as prey.
Sea bass is a commercially valuable fish that forages regularly in intertidal marsh creeks (Kennedy & Fitzmaurice 1972 , Kelley 1988 , Sá et al. 2002 , Hampel et al. 2005 . Young of the year of this predatory fish have been found to feed intensively on marsh crustaceans. In Westerschelde marshes, Dicentrarchus labrax preyed upon a wide range of species, but the main prey items were Corophium volutator, Nereis diversicolor, Crangon crangon, Carcinus maenas and Orchestia species (Cattrijsse et al. 1994 , Hampel at al. 2005 ). In Mont Saint-Michel marshes along the coast of Normandy, Laffaille et al. (2000b Laffaille et al. ( , 2001a reported a very similar diet of young sea bass, comprising mainly Orchestia gammarellus, Nereis integer, C. volutator, N. diversicolor and copepods. In the northern marshes of the Humber estuary, some of these prey featured equally important in the stomach contents of young sea bass. There, Gardner (1996) reported C. crangon, N. diversicolor, N. integer and Sprattus sprattus as the main prey items. Also, in the marshes of the southern European Tagus estuary, the diet of 0-group sea bass was mainly composed of decapods, mysids and isopods (Cabral & Costa 2001) .
The diets of Pomatoschistus minutus and P. microps have also been analysed by the previous authors. Few species were important in the diet of the juvenile com-mon gobies in the Westerschelde. Numerically, copepods dominated the diet in spring. Mesopodopsis slabberi, Nereis integer and Corophium volutator were the most dominant prey items in terms of biomass throughout the year (Cattrijsse 1994 , Hampel et al. 2005 ). In the Bay of Mont Saint-Michel, the diet of P. minutus was dominated by Orchestia gammarellus and N. integer (Laffaille et al. 2001a) .
In Westerschelde marshes, Platichthys flesus seemed to prey almost exclusively on the 2 most important benthic invertebrate prey: Corophium volutator and Nereis diversicolor (Hampel et al. 2005 ). The diet of P. flesus caught in the Humber marshes comprised mainly N. diversicolor, Manayunkia aesturina, Macoma baltica and Crangon crangon (Gardner 1996) . Cabral (2000) described the food composition of Solea solea found feeding in the salt marshes of the Tagus, Portugal; this flatfish predominantly preyed upon Polychaeta, mainly N. diversicolor and Amphipoda, particularly Corophium spp. Sá et al. (2002) still observed C. crangon as the principal prey during summer in a salt marsh of Castro Marim, Portugal.
Apart from predatory fish species, omnivorous fish may also feed inside intertidal creeks. Mullets frequently visit intertidal marshes. In the marshes of Mont Saint-Michel, Laffaille et al. (2002) found mullets Liza ramada mainly feeding on diatoms, copepods, nematodes and detritus. In the Castro Marim salt marsh of Portugal, all grey mullets Chelon labrosus, Liza aurata, L. ramada, L. saliens and Mugil cephalus fed exclusively on detritus, Crangon crangon, amphipods and Carcinus maenas (Sá et al. 2002) .
In US marshes, several researchers observed that the gut fullness of fish and macrocrustaceans increases during residence in the intertidal (Kneib 1997b) . European marshes function likewise as foraging grounds for fish and crustaceans. Common goby, seabass, flounder, mullets and common shrimp were all found leaving the marsh habitat during ebb tide with significantly more food in their stomachs. The marsh invertebrate infauna and epifauna thus attract a number of species to venture into the marsh and to forage during higher water levels on the abundant marsh invertebrate communities.
In a mesohaline marsh of the Westerschelde estuary, the tidal cycle strongly influences the migration and the feeding activity of Pomatoschistus microps. Maximum foraging activity coincided with flood tide. Gobies started leaving the marsh with the outgoing tide, and their gut contained significantly more food than when they entered the creek . Seabass (Cattrijsse et al. 1994 ) and juvenile brown shrimp (Cattrijsse et al. 1997) were also found to make tidal foraging excursions into intertidal estuarine marsh creeks. Lefeuvre et al. (2000) and Laffaille et al. (2001a) also found sea bass to forage intensively in the coastal marshes of Normandy. In the same marsh complex, Laffaille et al. (1998 Laffaille et al. ( , 1999 proved that the gobies Pomatoschistus minutus and P. lozanoi took a significant amount of prey during their marsh residence between flood and ebb tides. Not only carnivorous, but likewise herbivorous/detrivorous fish, find better foraging opportunities in marsh creeks; the instantaneous feeding ration of Liza ramada increases between flood and ebb tides (Laffaille et al. 2002) .
Solea species in the Tagus estuary showed a strong relationship between feeding activity and the tidal cycle (Cabral 2000) . The decrease in vacuity values during high tide suggests that Solea species use intertidal areas as feeding grounds, as do Platichthys flesus and P. platessa (Gibson 1973 , Burrows et al. 1994 .
The foraging activity of marsh-feeding fish was found to be more complex than just tidally stimulated. The tidal stimulus seemed to rule out diel differences in the feeding habit of Pomatoschistus microps. showed that the feeding intensity was equal during daylight and nocturnal tides. During spring tides, however, these gobies had almost twice as much food in their stomachs upon leaving the creek than during neap tides. During spring tides a diel difference in foraging intensity became pronounced, but disappeared during neap tides . The combined effect of lunar and diel influences on foraging intensity remained unanswered.
ECOLOGICAL FUNCTIONING OF EUROPEAN MARSHES
The interest in the aquatic fauna of intertidal marshes results largely from the idea that intertidal marshes function as important nurseries for fish and crustacean species, some of which are economically important (e.g. Costa et al. 1994 , Rozas 1995 , Kneib 1997a , Dionne et al. 1999 . Nurseries, by definition, offer better growth and survival through optimal foraging (Allen et al. 1994 , Craig & Crowder 2000 , Laffaille et al. 2002 , refuge (Whitfield 1998 , Halpin 2000 , Paterson & Whitfield 2000 , and/or enhanced growth. The value of the marsh habitat for young marsh-visiting individuals is reflected in the capacities of the intertidal marsh to offer food and refuge. For measuring and describing the habitat value, different indicators are used. The density of juveniles reflects recruitment, mortality and emigration; thus, density can be an important indicator of nursery habitat value (Minello 1999) . Food availability is probably the major factor determining fish habitat quality (Gibson 1993) .
Are the densities of nursery species higher in marsh creeks?
In US marshes differences in densities among tidal creeks, seagrass beds and unvegetated habitats have been shown for several species (Orth & van Montfrans 1990 , Rozas & Minello 1998 , Rozas & Zimmerman 2000 . For the European continent, however, no such data are available. The only comparison that has been made between marsh and adjacent subtidal habitats is the study of Salgado et al. (2004a) , who showed differences in habitat use, but no differences in abundance. Differences in habitat use are, however, to be expected. Tidal marsh fish assemblages will reasonably bear some similarity with those of nearby subtidal waters. Mathieson et al. (2000) argued that similarity between 6 European marshes and their estuaries was generally greater than amongst the individual marshes.
Some criteria will need to be met before a specific habitat functions as an important nursery area for certain species. Pihl et al. (2002) defined a nursery as an area where juveniles aggregate, temporally or spatially segregated from the adults, and where their survival is enhanced through optimal conditions for feeding, growth, and/or predation refuge. The presence of large numbers of juveniles, even in the complete absence of adult stages, is thus insufficient to nominate a habitat as a nursery. Survival may be equally optimised in other, adjacent habitats. Beck et al. (2001) define a nursery as we have defined it here, but they add that a habitat only functions as a nursery when, on average, from that habitat more juveniles per unit area recruit to the adult population than from other habitats. According to these authors, the existence of this criterion proves the nursery role.
However, any study supplying such information would prove more than merely the presence of the nursery function. It would also establish the quantitative importance of the area in relation to one or more adjacent areas.
The difficulty in sampling nekton from vegetated marsh or from shallow intertidal creeks while inundated contributes to the fragmentary results of nekton work. A range of sampling methods has been described that varies in portability, size, deployment, escape rates of nekton and expense; none has yet become standard (Connolly 1999) . Sampling in fundamentally different habitats requires fundamentally different techniques (Kneib 1997b , Rozas & Minello 1997 . Intertidal creeks are mostly too shallow and too small for trawling, which is generally the standard technique for sampling small-sized epifauna or nekton in soft-sediment environments. Fyke nets, block nets, or any other types of passive gear are mostly unsuitable for gathering representative occurrence or abundance data in the subtidal (Rozas & Minello 1997) . Different subtidal habitats (seagrass, unvegetated bottom) influence nekton distribution and further contribute to sampling difficulties (Irlandi & Crawford 1997) .
Certainty about abundance differences in European tidal creeks and the adjacent subtidal shallows will remain very difficult to obtain and might necessitate sampling techniques other than those considered standard to date. Further, estimating densities in both subtidal and intertidal creeks will not compensate for tidal migrations. One might argue that, even with a comparable technique, a bias would remain if the observations in the intertidal were made during the highest water levels. It is well known that fish tend to concentrate in shallow subtidal areas awaiting the next flood tide, to wander over the intertidal to feed or seek temporal refuge from predators. At low water, densities in the shallow subtidal might thus be as high as the densities in the creeks during high water, where all those young individuals concentrate again to take advantage of the food abundance and complexity of the habitat. Kneib & Wagner (1994) and Cattrijsse et al. (1994) have shown that fish tend to follow the edge of the tide to migrate between the intertidal and subtidal. Such tidal migrations cause a spatial shift in the assemblage, possibly making the discussion on differences in abundance between both habitats futile. Only estimates of what proportion of a species population migrates to the marsh intertidal will define the quantitative importance of intertidal creeks for that species.
Seasonal shifts in habitat use mark the importance of intertidal marsh habitats more clearly than spatial differences in abundance. Spatial shifts in the occurrence of a species between adjacent habitats may prove that the individuals select certain environments during the successive developmental stages of their early life. In the Westerschelde, young-of-the-year sea bass reach a maximum abundance in the marshes (Cattrijsse et al. 1994 ) some months before their densities peak on the intertidal flats in front of those marshes (Hostens 2003) . The main differences Salgado et al. (2004a) described were also related to temporal abundance fluctuations of the dominant species and seasonal ingress of nursery species.
Are prey abundances higher and foraging opportunities better in salt marsh creeks?
It is generally accepted that, despite the variable environment, tidal marshes are used extensively because of their high productivity, providing enhanced foraging opportunities for juvenile fish and macrocrus-taceans (Boesch & Turner 1984) . Due to the high productivity of salt marshes, creek sediments contain a higher nutrient load, attracting large numbers of detritus-feeding organisms that act as primary prey for foraging fish (Laffaille et al. 2002) . Higher detritus biomass in the upper layer also coincided with higher densities of detrivorous or omnivorous benthic species (Netto & Lana 1997) .
Comparing infauna between marsh creeks and intertidal flats in front of marsh systems may supply arguments in favour of this hypothesis, even though prey abundance is not equal to prey availability. Fish would thus enter tidal creeks to profit from local prey abundance. In the Westerschelde estuary, infauna prey densities of both the intertidal creeks and intertidal flats largely fell within similar ranges. The average total abundance of the macrobenthic species in marsh creeks in early autumn reached 10 218 ± 2524 ind. m -2 (Hampel 2003 ). This figure was lower than the values reported for the intertidal flat by Ysebaert et al. (1993) and Ysebaert & Herman (2002) . However, lower values were found for the intertidal flat when analysing a dataset from 1978 to 1997 (Ysebaert et al. 2000) compared to the values for the intertidal marsh creek (Hampel 2003) . The density of one of the main benthic prey species, Nereis diversicolor, was higher in the marsh creeks (Hampel 2003 . The density of oligochaetes varied with salinity. At the oligohaline marsh stations, the density of oligochaetes was much lower (Hampel 2003) than on the intertidal flat (Ysebaert & Herman 2002) , while, in euhaline marsh creeks (Hampel 2003) , densities were comparable with those on the estuarine flat (Ysebaert & Herman 2002) . Salgado et al. (2004a) mention their unpublished data, which shows lower infauna density in marsh creeks in comparison with on adjacent mudflats. Hampel (2003) examined the relationship between the densities and biomass of the main benthic prey (C. volutator and Nereis diversicolor) and the number of flounder and sea bass migrating into the creek, but no correlation was found between these factors. The lack of such a relationship may be a reflection of the excess carrying capacity, as shown by the large excess of macrobenthic prey, although the relatively few sampling occasions might have weakened the statistical test.
Apart from the infauna, other marsh invertebrates may serve as profitable prey for marsh-foraging fish or crustaceans. The semi-terrestrial amphipod Orchestia gammarellus often features as a prominent prey for sea bass (Laffaille et al. 2000b , Hampel et al. 2005 ) and for gobies leaving European marsh creeks with ebb tide (Laffaille et al. , 2001b . This species often reaches huge abundances on the marsh surface amongst decaying plant material (Desender & Maelfait 1999) and gets washed into the water during the highest tides. O. gammarellus does not occur in the intertidal and, due to its size and limited swimming abilities, is a favourable prey for foraging fish (Laffaille et al. 2000b) .
Seasonal and even year-to-year fluctuations in infaunal abundances may differ between marsh creeks and adjacent habitats, like intertidal flats. We still lack a study describing seasonal changes in prey faunal abundance between marshes and adjacent environments and its possible effects on the use of marsh creeks as foraging grounds.
Not all fish present in the marsh-bordering subtidal enter intertidal marsh creeks to feed upon the marsh infauna. Mechanisms other than better foraging opportunities may force some species to enter intertidal creeks. It has often been argued that entering the intertidal habitat is a trade off between the risks of exposure to an extreme environment and/or the risk of stranding in intertidal pools and the benefits of high food availability and lack of predators. Competition might force some species into the intertidal and actually place them in a less favourable position than the species remaining in the subtidal. This is the case for the common goby. Sympatric occurrence with the sand goby forces this smaller species to occupy shallower areas (Magnhagen & Wiederholm 1982) . If the marsh environment is such a beneficial place to reside in, then why do not all species take advantage of the tides to enter? Studies comparing fish species counts between marsh and adjacent intertidal or subtidal areas often show that the subtidal is richer in species (Salgado et al. 2004a) .
Is predation pressure reduced in salt marsh habitats?
Both growth rate and predation risk influenced habitat use by Fundulus heteroclitus in intertidal salt marshes (Halpin 2000) . Vegetation provides efficient cover against predation. Experiments with tethered prey proved the lowered predation in marsh habitats compared with nonvegetated sand bottoms (Minello 1993) . Using mummichogs in vegetated and unvegetated areas also revealed that relative predation pressure was significantly less in areas with submerged aquatic vegetation . Survival of penaeid shrimp in subtidal biotopes is correlated with their residence time in marshes (Minello et al. 1989 ). Webb & Kneib (2004) also found a strong correlation between mean growth rates of white shrimp Litopenaeus setiferus and the proportion of intertidal creek drainage area. Trade offs between predation refuge and growth define the use of different marsh habitats by fish. Where predation risk is high across all habitat types in a marsh, habitats associated with the highest growth rates are used. If a predation refuge is available, habitat use increases. Salt marshes offer opportunities for both higher growth rates and shelter from predation compared to areas outside salt marshes (Halpin 2000) .
In the European marshes apart from the most upstream and smallest intertidal rivulets, where terrestrial plants may offer refuge and feeding habitat, the bare, unvegetated creek habitat is physically not very different than the unvegetated flat that exists in front of the marshes. The unvegetated creek habitat does not offer a higher habitat complexity that reduces predation pressure. At higher water levels, larger predatory fish also enter creeks to feed upon the smaller species (Hampel et al. 2005) .
European literature only reports circumstantial evidence. Analysing the guild structure of European tidal marshes, Mathieson et al. (2000) found that the piscivore feeding guild was underrepresented in all studied estuarine sites, in sharp contrast with the fish assemblages of the main estuarine systems. The functional structure of marsh fish assemblages indicates the dominant presence of young stages and supports the view that predation pressure inside marsh creeks is lowered for those life stages. Cattrijsse et al. (1997) argued in favour of lower predation in intertidal creeks for juvenile brown shrimp. They found early juvenile shrimp seldom occurring in the stomachs of small-sized fish feeding in the marsh, while in the subtidal many more predator species were present. Stomach analyses of large sea bass and flounder leaving marsh creeks have shown that the smallsized fish and juvenile Crangon crangon are not extensively consumed, while marsh infauna and mysids still dominate the diet (Hampel et al. 2005) . Secondly, juvenile shrimp and common gobies remaining in intertidal pools in the creek bed find a temporary segregation from predation by other fish (Cattrijsse et al. 1994 (Cattrijsse et al. , 1997 . Densities of juvenile brown shrimp may reach > 400 ind. m -2 in the seepage water or in small pools of only a few centimetres depth (Cattrijsse et al. 1997) . Intensive tidal foraging by tidal marsh-visiting nekton can result in important effects on the dynamics of individual prey populations (Joyce & Weisberg 1986 ) and benthic (Frid & James 1988) or epibenthic (Walters et al. 1996) communities. Effects may be due to disturbance or predation (Kneib 1997b) . The very high productivity of Fundulus heteroclitus depends, to a considerable extent, on salt marsh food resources (Weisberg & Lotrich 1982) , and, thus, it seems reasonable to expect that mummichogs affect salt marsh invertebrate prey populations. F. heteroclitus was indeed reported to control the densities of Palaemonetes pugio (Kneib 1986 ). Predation by mummichogs was also a dominant factor determining the distribution and abundance of Orchestia grillus (Vince et al. 1976) . In contrast with these observations, Kneib (1982) argued that the distribution of O. grillus was independent of the predation of F. heteroclitus, while Kneib & Stiven (1982) also claimed that F. heteroclitus is an inefficient predator of small benthic invertebrates (small annelids and crustaceans) and does not directly control prey densities. Control mechanisms occurred indirectly through the predation upon grass shrimp. The absence of direct effects on marsh benthic invertebrates results from limited marsh accessibility, the necessity of daylight for predation and good refuge in the vegetation for the prey species (Heck & Thoman 1981) .
The effects of some macrocrustacean species were also examined. Grass shrimp Penaeus pugio were associated with reductions in the densities of small benthic invertebrates in salt marshes (Bell & Coull 1978) , while Penaeus spp. had a negative effect on prey species in both laboratory (Kneib & Knowlton 1995) and field (Gleason & Wellington 1988) experiments. Interaction of Callinectes sapidus and their molluscan prey in tidal marshes has also received considerable attention (Kneib 1997b) .
In Europe, the only indication that marsh-visiting species may intensively prey upon and thus control their food resources within marshes was given by Frid & James (1988) , who observed a reduction in infaunal predators, but not in deposit feeders after exclusion of epibenthic predators (birds, crustaceans and fish). Hampel et al. (2005) found that marsh infauna was highly abundant for larger fish and control on benthic prey could not be assumed.
If nursery species control their prey abundance, competition for food will occur. This limits the growth potential of the individuals, the production potential of the population and, consequently, the quantitative value of the nursery. Likely, year-to-year fluctuations in abundance of both predators and prey exclude yearto-year identical relationships between them.
What biomass is exported when recruiting to the subtidal population?
Tidal water movements control fluxes of nutrients and organic matter between salt marshes and estuarine/coastal water. emphasised the importance of marsh creeks as important corridors through which nekton move marsh production between the vegetated intertidal and open subtidal in US marshes. Faunal species can be responsible for organic matter transport in river systems (Elliott et al. 1990 , Maes & Ollevier 2000 and in salt marshes . Beck et al. (2001) advocate that total biomass of juveniles recruiting to the adult population is the best criterion in determining the value of a nursery.
Productivity estimates for salt marsh population of Fundulus heteroclitus are among the highest reported for fish (Meredith & Lotrich 1979) . Allen (1982) estimated that the total annual production in dry weight (DW) of assemblages of fishes in the littoral zone of a tidal marsh in California was 9.5 g DW m -2 . Forman (1982) and Laffaille et al. (1998) showed that fish invade salt marshes during flood tide, forage there and export the ingested food to the coastal waters upon leaving the marsh. Mullets directly use the primary production of salt marshes and are thus involved in energy fluxes between salt marshes and coastal marine systems (Laffaille et al. 2002) . According to Lefeuvre et al. (1999) mullets would export about 8 to 12 kg organic matter ha -1
. Laffaille et al. (1998) estimated that fish (mullets, gobies, sea bass) export 0.01 t particulate organic matter yr -1 from each hectare of salt marsh in the Mont Saint-Michel Bay to the marine system. The energy transported by fish may account for as much as 10%.
Not only fish, but also the macrocrustacean-like Crangon crangon, could be responsible for the export of biomass from tidal marsh creeks. Young-of-the-year C. crangon spend approximately 3 wk in the tidal creeks of the oligohaline part of the Westerschelde. One year of constant outflux of young C. crangon between April and October from a 27 km 2 marsh had the potential of exporting the production of the Belgian coastal shrimp fisheries of that year (Cattrijsse et al. 1997) .
Are European marsh creeks still important nurseries? Watzin & Gosselink (1992) have estimated that > 50% of the original tidal salt marsh habitats in the United States have been eliminated by various human activities. Despite this loss, fishery species are believed to depend upon the access of intertidal wetlands.
US fishery productivity is closely linked to wetlands, and both correlative (Zimmerman & Minello 1984 , Rozas & Reed 1993 , Peterson & Turner 1994 and experimental (Minello & Zimmerman 1983 , 1991 , Minello et al. 1989 , Thomas 1989 evidence indicates that many fisheries species in the region of the northern Gulf of Mexico depend upon coastal marshes for critical nursery functions. The best-known examples are the blue crab and the penaeid shrimp. Some papers have argued and shown figures that their commercial catches depend upon the available amount of marsh land (Orth & van Montfrans 1990) . Turner (1977 Turner ( , 1992 provided evidence for the importance of coastal marshes to prawn production, by relating inshore catches of penaeids to regional variation in the areal extent of intertidal vegetation. Webb & Kneib (2002) found a correlation between the amount of intertidal creek edge and juvenile shrimp abundance in adjacent subtidal creeks, which supports the contention that intertidal accessibility is an important component of nursery habitat quality for juvenile white shrimp.
On the European continent the claiming of intertidal areas is a centuries-old practice that is currently still threatening the remainder of the formerly extensive intertidal, vegetated ecosystems. This process removed > 7200 km 2 of estuarine habitats during the 20th century alone (Davidson et al. 1991 .
Only a limited number of species using European tidal marshes as nurseries are fishery species. Although, Costa et al. (1994) claimed that the salt marsh-bordering zone in the Mira estuary (Portugal) has a vital importance for both estuarine and marine fish populations as spawning and nursery grounds, especially for economic species. In northern Europe, the list is confined to brown shrimp and sea bass, the latter not being amongst the most abundant species. In southern Europe, sea bass Dicentrarchus labrax, pilchard Sardina pilchardus and thin-lipped mullet Liza ramada are the main commercial species (Salgado et al. 2004b ). Pilchard does not occur abundantly in northern Europe, while the mullet is not a commercial species there. Salt marshes are thought to play a key role in the production of the sea bass commercial fishery in the region of Mont-Saint Michel Bay . Kennedy & Fitzmaurice (1972) and Kelley (1986 Kelley ( , 1988 have previously mentioned the importance of shallow creeks for sea bass.
The absence of historical data excludes any assessment on the impact of the gradual, but significant, disappearance of European marsh areas on commercial catches. These species do not seem to depend solely on marshes for the survival of their offspring anyway. Crangon crangon spend their earliest days in marsh creeks (Cattrijsse et al. 1997 ), but their most important nurseries are the shallow sandy beaches of the North Sea coast (Boddeke et al. 1986 ). Also, sea bass regularly use marsh creeks (Kennedy & Fitzmaurice 1972 , Kelley 1988 , Cattrijsse et al. 1994 , Laffaille et al. 2001a , Salgado et al. 2004b ), but they occur abundantly along intertidal estuarine sand and mudflats (Kennedy & Fitzmaurice 1972 , Hostens 2000 . Alternativebetter? -nurseries have always been and still are present for these species, and the hypothesis that marshes support past or present fishery yields in Europe can be questioned, at least for these examples.
Do marsh creeks reach the same quantitative importance every growth season and how does this relate to the abundance of prey populations inside and outside marsh habitats? To date, no long-term data on abundance or feeding intensity of marsh-visiting species are available. Monitoring of marsh habitats would help in a better long-term appreciation of the habitat role of intertidal marshes for fish or macrocrustaceans.
Would local fish populations suffer from further/ complete disappearance of tidal marshes?
European marshes have probably shrunk to an areal coverage too limited to be of importance for regional or even local populations of fish or crustaceans. Weisberg & Lotrich (1982 showed that Fundulus heteroclitus is fully dependant upon the existence of vegetated intertidal areas. Individuals restrained from access to the marsh surface grew more slowly, and individuals staying in the subtidal were subject to higher predation. Moreover, subtidal food sources alone were insufficient to support growth of F. heteroclitus. Access to the food resources of the vegetated marsh surface was essential to maintain the natural mummichog population. F. heteroclitus restricted to foraging in subtidal channels lost weight, while those accessing the marsh surface grew at an average rate of 0.34% of their body weight (BW) per day.
In European marshes Pomatoschistus microps or P. minutus may occupy a similar niche in intertidal marshes (Cattrijsse et al. 1994 ). The first species may reach a daily consumption of up to 10% ADW (ash-free dry weight) (Hampel et al. 2003a) , but this does not prove a dependence on the marsh for feeding. Consumption or growth should differ between individuals with and individuals without access to the marsh intertidal. The influence of biological relationships may play a role in this (Magnhagen & Wiederholm 1982) .
Apart from feeding, marshes can be essential for the spawning or development of several species. Fundulus heteroclitus spawns in the intertidal, depositing large eggs in shelters like mussel shells, leaves and grass stems (Taylor et al. 1977) . The hatched young spend several weeks in aquatic microhabitats on the marsh surface (Taylor et al. 1979) . The recruitment of the mummichog is closely related to marsh habitats, which makes them dependent on intertidal marshes during their life cycle. Menidia menidia exhibits a similar spawning behaviour (Conover & Kynard 1984) . Sticklebacks (Kedney et al. 1987 ) and the goby Gobiosoma bosc (Conn & Bechler 1996) also prefer intertidal marsh pools, but these species also spawn in subtidal habitats. Post-larval palaemonid shrimps are uncommon in subtidal creeks (Alon & Stancyk 1982) , because metamorphosis probably occurs in the intertidal marsh, where post-larvae settle primarily (Kneib 1987) .
None of the European marsh-visiting species depends on marshes as spawning habitats. The most common marsh species (gobies, flounder, sea bass, sole) spawn in coastal waters and not inside the marsh biotope. Other shallow estuarine or coastal environments play a significant nursery role for these species.
Tidal consumption of marsh-foraging fish can reach high figures. Hampel & Cattijsse (2004) have estimated that, according to the lunar cycle, the daily consumption (2 tides) of common gobies varies between 7 and 16% of their body dry weight. Similar estimates were obtained for thin-lipped mullet (8% BW) by Laffaille et al. (2002) and for sand gobies (4.5% BW) and seabass (10% BW) by Lefeuvre et al. (1999) .
To date, no observations exist that any of these species depends fully on the intertidal marshes as a refuge or foraging ground. It remains unknown whether any of the European marsh species exhibits faster growth rates or benefits from enhanced survival during their marsh residence. Laffaille et al. (1999 Laffaille et al. ( , 2001a have reported on the likelihood of 'easy' foraging, but acknowledge that future research should address the link between salt marshes and the sustainability of fish populations. Future European research could focus on growth rates of marsh-foraging species in comparison with conspecifics that have no access to marsh creeks.
RESTORATION AND RE-CREATION OF INTERTIDAL MARSH HABITATS
In the United States each square metre of marsh lost must be mitigated, and considerable effort has been made in the last couple of decades to restore or create intertidal areas. In the European Union, the Habitats Directive regulates the conservation of Sites of Community Importance (SCIs) and seeks to maintain habitat levels on a no-net-loss basis within large, designated areas ). There is a marked difference between the European approach of managed retreat and the restoration programmes in the United States. In Europe coastal defence is the primary objective, while in the United States restoration is the primary policy (Pethick 2002) . In the United States, there are few complications concerning space, whereas, in Europe, each restored hectare generates heated debates due to the interests of different sectors. While in the United States marsh is created/re-created, in Europe, managed retreat/realignment is the most widely used management tool to mitigate wetland loss. Managed retreat and set back involve allowing the degradation of current sea defences or dikes and moving them further inland. Areas of land given back to the estuary and evolving into salt marshes will pay for themselves in the reduced cost of later flood-and seadefence schemes. The reactivated coastal and estuarine floodplains provide both habitat and a self-sustaining flood defence (Lee 2001) . The fast erosion of the east coast of the UK intertidal made realignment of flood defences an important issue and a main coastal management strategy (Crooks et al. 2002) . In Belgium 'controlled inundation areas', where dikes are opened on a regular basis, have the potential of developing into similar systems and could, in the future, become true tidal ecosystems. Choices to relocate habitat and restore intertidal marshes must be made with care (Crooks et al. 2002) . Scientific research in the UK has focused on modelling estuarine morphology and, more recently, on unmanaged retreat (breached flood embankments not being repaired) (Pethick 2002) . Some experimental restorations have been undertaken in the UK, but they are < 6 yr old, so long-term conclusions cannot be drawn yet (Atkinson et al. 2001) . Studies concerning wetland restoration are still scarce for Europe compared to those for the United States. A large number of studies have been published in the United States about monitoring the colonisation of plant species, benthic invertebrates and nekton after marsh creation. Most of these assume that many newly created salt marshes offer similar fish species composition and densities as natural marsh habitats in a relatively short period of time (Minello & Webb 1997 , Dionne et al. 1999 , Williams & Zedler 1999 , Williams & Desmond 2001 . In Europe, only very few studies have monitored nekton utilisation in re-created areas. In the Westerschelde estuary, a newly created estuarine marsh developed some functions of a typical marsh (e.g. refuge) for estuarine nekton relatively quickly, but full functional development may require >10 yr (Hampel et al. 2003b ). In the Humber estuary, UK, research is being done on the colonisation of newly created areas, but conclusions cannot be drawn yet. Creating new marshes in West Europe would allow nekton species to rapidly colonise the system, regardless of the lower potential as a feeding ground and thus as a nursery area. Probably, the creation of new marshes will only be as beneficial as mature marsh systems to fish and crustacean populations, medium to long term.
Along the freshwater reaches of the Schelde estuary 'Controlled Inundation Areas' are being constructed as a major, natural management scheme against flooding of the former river floodplains. These low-lying pastures only flood during the highest tides, but fish will and do invade these new habitats, which eventually could develop into tidal freshwater marshes. The lack of knowledge on the habitat value of freshwater marshes to fish ) makes it difficult to evaluate the ecological consequences of such river management. Freshwater marshes are often dominated by reed Phragmites australis, and it has been shown for North American marshes in which this plant species is an intrusive alien that reed habitat and Spartina marshes function similarly (Meyer et al. 2001) .
Northern European tidal marshes have been used as foraging grounds for cattle and sheep since the earliest human coastal settlements. Nowadays grazing is generally used to increase habitat complexity and overall marsh flora and fauna species diversity. The effect of grazing management presents an issue that is unique to northern European tidal marshes, and only Laffaille et al. (2000b) have addressed it. They showed that intensive grazing reduces litter and habitat suitability on the marsh surface for the semi-terrestrial amphipod Orchestia gammarellus. As a consequence, the abundance of this amphipod is reduced. Laffaille et al. (2001a) proved that this amphipod is a high-energy food item that young sea bass actively forage on during residence in intertidal marsh creeks. Other management issues that aim at preserving the biodiversity of coastal or estuarine tidal marshes might equally have negative effects on the aquatic fauna, which are still not known well enough to sustain tidal marsh management.
Current estuarine management of both mature and new marshes will present promising opportunities for future European research. Follow up studies of the colonisation effects of realigned marshes by nekton as well as long-term monitoring of nekton will sustain future management schemes and are needed to evaluate ongoing or future human activities in the coastal or estuarine environment.
